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A mechanical powder metallurgy process involving a
vibration stage before cold and hot compaction has
been developed to manufacture functionally graded
materials (FGMs). The microstructure and mechan-
ical properties of SiCp/Al 2124 FGMs produced by
this process have been studied. It was found that the
vibration stage modified the SiC distribution from a
layered structure to a smoothly changing SiC content
with position in the sample. The vibration process
also improved local homogeneity by breaking up
the coarse SiC agglomerates which tended to form in
high SiC content regions of the FGMs. Multilayered
FGMs exhibited superior toughness to their metal
matrix composite counterparts and there were
indications that toughness was further enhanced in
the continuous SiC gradient FGMs produced by the
vibration stage. PM/0800
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INTRODUCTION
The need for diVerent properties at various locations within
a single engineering component is becoming greater as
technology advances. Typically, a component may require
low thermal conductivity or wear resistance at the surface
combined with high interior toughness. Such components
are often fabricated by a surface coating technique. A
consequence of the diVerences in properties is the introduc-
tion of a well defined interface between the surface coating
and the substrate. This is usually an area of weakness
where failure can initiate in service.
Functionally graded materials (FGMs) have been pro-
posed as an alternative to surface coated components.
These materials have a progressive change in composition,
microstructure, and properties as a function of position
and thus interfaces between disparate materials are elimin-
ated. One widely used fabrication route for FGMs is a
powder metallurgy process which involves cold compaction
followed by sintering.1–3 However there are drawbacks to
this production route: there may be adverse microstructural
features associated with the sintering, in particular porosity
and interfacial reaction products, and the FGMs produced
by this route exhibit a layered structure and a truly
continuous composition gradient is not achieved.
The present authors have developed a mechanical
working process which eliminates the need for sintering.
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This working process has been successfully employed
for the production of hydroxyapatite/titanium4,5 and
SiC/Al 2124 (Refs. 6 and 7) FGMs. The present paper
reports the results of the introduction of an additional
mechanical vibration step in the mechanical working route
in order to improve the continuity of the composition
gradient in SiC/Al 2124 FGMs. The microstructure, includ-
ing SiC distribution, has been examined as a function of
duration of the vibration step. It is demonstrated that this
improved structural continuity may oVer mechanical pro-
perty benefits over layered materials. This simple fabrication
process may lead to the development of a range of FGM
materials with a variety of applications.
EXPERIMENTAL PROCEDURE
Fabrication
Aluminium 2124 alloy powder, with diVerent volume
percentages of silicon carbide particles (10, 20, 30, and
40 vol.-%), was blended in a Turbula rotating mixer for
1·5 h. Subsequently, these powder mixtures were stacked
layer by layer in a lubricated 57 mm diameter cylindrical
steel die starting with unreinforced Al 2124 at the bottom
and finishing with Al 2124/40 vol.-%SiC at the top, as
illustrated in Fig. 1. The die was then placed in a mechanical
vibrator and vibrated for diVerent times (0·75 and 2 h).
After vibrating the die was placed in a 1·5 MN Tangye
hydraulic press and the powder was cold compacted at a
pressure of 300 MPa. The compact was then ejected,
preheated in an air circulating furnace to 500°C, and
transferred to a 60 mm diameter container in a 5 MN
hydraulic press. The container was also maintained at
500°C and the walls were lubricated with colloidal
graphite. The heated compacts were pressed at a pressure
of 1·5 GPa.
Structure investigation
The particle size distributions of the SiC and Al 2124
powders were measured using a ‘Malvern’ laser particle
sizer. Light microscopy was used to study the micro-
structures of the hot pressed specimens. In addition, image
analysis and computerised scanning X-ray tomography
were employed to quantitatively determine the SiC distri-
bution. The latter technique involved scanning an X-ray
beam across longitudinal sections of FGM specimens and
measuring the attenuation of the X-ray intensity on passing
through the specimen.
Mechanical property determination
The Vickers hardness of the individual layers of diVerent
SiC content in the unvibrated specimens, and as a function
of position in the vibrated specimens, was determined using
a 30 kg load and standard procedures. Single edge notch
bend type specimens of nominal size 5×12×40 mm and
with the notch cut into the high SiC face of the specimens
(Fig. 2) were used to study the influence of the functionally
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1 Schematic diagram showing stacking arrangement
and vibration process for production of FGMs by
mechanical working
graded structure on the fracture behaviour. Each speci-
men was solution treated for 5 h at 500°C (T4 temper)
before testing.
RESULTS AND DISCUSSION
Microstructural study
The Al 2124 powder had a wide range of particle sizes
from 4·8 to 188 mm but with 60±2 wt-% in the size
range 21–87 mm. The SiC powder was much finer, with a
maximum size of 6·4 mm and 66±2 wt-% between 1·5
and 3·9 mm.
Microstructures of the SiCp/Al 2124 consolidated FGM
specimens, vibrated for various times, are presented in
Fig. 3. There were no indications of cracking within
individual layers or of decohesion at interfaces in any of
the specimens. In general, the SiC particle agglomeration
increased with SiC content as did the associated porosity.
The theoretical density decreased approximately linearly
from 0·998 for 0%SiC to 0·93 for 40%SiC. In samples
produced without the vibrating stage, the fine SiC particles
formed a contiguous network around the metal particles
(Fig. 3a and b). It can be seen from Fig. 3c and d that
the SiC network structure was largely unaVected by the
vibration process. However there were two microstructural
features which were altered by the vibration stage; these
were the interface between the layers and the degree of SiC
agglomeration.
Of particular significance were the changes in the
boundary region microstructure produced by vibration.
For example, in Fig. 3a, which was not vibrated, a relatively
sharply defined boundary exists between the unreinforced
Al 2124 layer and the 10 vol.-%SiC layer whereas the
boundary is less distinct when the vibration was incorpor-
ated in the processing (Fig. 3c). It is surmised that during
the vibration process, the finer SiC particles moved down
2 Single edge notch bend specimens used for determining
toughness of SiC
p
/Al 2124 FGMs: all dimensions in
millimetres
the SiC concentration gradient through the interstices
between the large Al 2124 particles and subsequently
created a transition region with a gradually changing SiC
content. Further evidence for the smoothing out of the
concentration gradients by vibration is presented below.
Some very large SiC agglomerates (approximately
100 mm) were observed in the higher SiC content regions
in the unvibrated FGMs (Fig. 3b). A significant proportion
of the SiC particles were small (30 wt-% were less than
1·5 mm) and thus would agglomerate easily owing to strong
electrostatic surface forces. After vibration for 2 h, most of
the large SiC agglomerates were eliminated from the main
body of the FGMs and were replaced by numerous smaller
(approximately 20 mm) agglomerates (Fig. 3d ). This break-
down of the large agglomerates is considered to take place
in a similar manner to the formation of the transition
region, i.e. by movement of the small SiC particles down a
local concentration gradient. Some of the large agglomer-
ates remained in a small volume close to the top of the
FGM compact. These can be accounted for by either
movement of Al particles downwards and around the
agglomerates, so giving a local increase in agglomerate
density, or by the vibrating process being ineYcient in the
near surface region, resulting in the agglomerate density
remaining unchanged. Of these two explanations the latter
is the more plausible but the phenomenon requires further
investigation. It is not a major problem as the top, near
surface region could easily be removed.
Measurement of SiC concentration gradients
Image analysis
The results of a quantitative analysis of the eVect of
vibration on the SiC distribution along longitudinal sections
of the FGMs are shown in Fig. 4. In the sample which was
not vibrated, the SiC distribution had a distinct layered
structure. It is apparent from the data for the individual
layers that the image analyser has overestimated the SiC
contents typically by 2–3%; this is almost certainly because
some porosity has been mistaken for SiC particles but does
not detract from the conclusions that can be drawn from
the data. The 2 h vibration treatment has clearly produced
a more smoothly changing SiC distribution. The vibration
treatment appears to have been most eVective in the high
SiC content regions. It is noticeable that the distribution
in the low SiC regions is less continuous with fairly distinct
steps apparent, e.g. instantaneous changes of the order of
5 vol.-% as exemplified by the 20–10%SiC transition
region, and that the gradient in the 10–0% transition
region is less shallow (Fig. 4).
Micrographic examination of the powder mixture reveals
that strong surface forces of attraction are active during
the mixing process and cause the fine SiC particles to stick
to the Al 2124 powder particle surfaces (Fig. 5). This
observation is consistent with the findings of Campbell and
Bauer.8 Thus, during the mixing of low SiC content
powders, the majority of the SiC particles stick to the metal
powder particle surfaces and only a limited number can
move freely through the metal powder particle interstices
during vibration. There is, however, a limit to how many
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a without vibration, 10%SiC/Al 2124 interface region; b without vibration, high SiC content region; c 2 h vibration, 10%SiC/Al 2124
interface region; d 2 h vibration, high SiC content region
3 EVect of vibration on microstructure of SiC
p
/Al 2124 FGMs ( light microscopy)
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4 Distribution of SiC, as determined by image analysis,
in SiC
p
/Al 2124 FGMs produced with and without
vibration stage
SiC particles can be attached to an Al particle and hence,
there are many more free SiC particles in the higher SiC
content powder mixtures so that redistribution during
vibration is much more noticeable in these areas. Further-
more, bonding between the Al particles in the powder
mixture is inhibited by the presence of the SiC, thus
facilitating SiC movement more readily the higher the SiC
content. For these reasons the vibration process is more
eVective in eliminating the layer structure in these regions.
X-ray tomography
The results of the tomography study are presented in Fig. 6.
The X-ray attenuation decreased with SiC volume fraction
thus enabling the SiC distribution to be monitored. Clearly,
the X-ray attenuation is reduced step by step as the SiC
content decreases in the unvibrated specimen whereas the
X-ray attenuation trace for the vibrated specimen shows a
5 Scanning electron micrograph of powder mixture showing
fine SiC particles attached to surface of coarser Al 2124
particles
much smoother and more continuous SiC distribution.
Small peaks on the attenuation curves could be correlated
with surface defects or discontinuities as seen in the optical
micrographs.
Mechanical properties
Hardness
The hardness test results of Fig. 7 show that hardness
increases with SiC content from 143 HV for the unreinforced
Al 2124 layer to 163 HV for the 40 vol.-%SiC layer. It is
noticeable that the rate of hardness increase with SiC
Powder Metallurgy 1999 Vol. 42 No. 1
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a
b
a without vibration; b 2 h vibration
6 X-ray attenuation profiles showing eVect of vibration
stage on SiC distribution in SiC
p
/Al 2124 FGMs
content drops oV as the SiC level exceeds 20 vol.-%. This
is attributed to the coarse SiC agglomerates and the greater
amount of porosity present in the higher SiC content
layers. The hardness change with position in the vibrated
FGM was smooth, reflecting the gradual transition in
SiC content.
A high hardness is usually associated with good abrasive
wear resistance. It has been established that increasing the
hardness of the contact surface causes the mild to severe
wear transition to move to higher load values.9–11 There is
also considerable evidence that the addition of hard, non-
metallic reinforcement particles in a metal matrix composite
SiC content (vol.-%)
H
ar
dn
es
s 
(H
V
)
7 Hardness as function of SiC content in multilayered (i.e.
without vibration stage) FGM
improves the wear resistance12,13 and reduces the coeYcient
of friction.14
Fracture toughness
Typical load–displacement curves from the single edge
notch bend tests are illustrated in Fig. 8. The hardness tests
indicated that the higher SiC content regions would have
higher wear resistance in service. Therefore, it is reasonable
to assume that these higher SiC content regions will form
the contact surface with other components during service;
fracture would be more likely to initiate in these high SiC
content regions and then propagate into the regions
of lower reinforcement. It was for this reason that the
precracked notch was machined in the layer of highest SiC
content. The load–displacement curve of the conventional
(homogeneous) 40 vol.-%SiC composite is also presented
for reference. In this specimen, the load rose to a peak and
then the specimen failed suddenly in a catastrophic manner
(Fig. 8a). A very diVerent type of behaviour was observed
for the FGM specimens. In the unvibrated specimen
(containing discrete layers), complete fracture did not occur
when the load reached the maximum value and crack
propagation commenced. Instead of a catastrophic drop,
the load decreased step by step (Fig. 8b) as crack retardation
occurred each time the crack encountered an interlayer
boundary in the FGM. Similar behaviour has been observed
for hot pressed7 and hot extruded15 SiC/Al 2124 layered
FGMs and the size of the load drops has been shown to
be a function of the thickness and composition of the
layers. The specimen vibrated for 45 min exhibited a sim-
ilar load–displacement curve to the unvibrated specimen
(Fig. 8c) indicating that this vibration time was insuYcient
to significantly smooth out the SiC distribution. However,
vibrating for 2 h made a measurable diVerence to the failure
process. The arrow in Fig. 8d indicates the critical load
at which crack propagation commenced, but the load
continued to increase in a non-linear manner until the
maximum load was reached. When the load eventually fell
from the maximum, the rate of decrease was slightly lower
than for the unvibrated case.
Critical stress intensity factor KIC values were calculated
by substituting the maximum load measured from the
load–displacement curve into the standard equation and,
in the case of the specimen vibrated for 2 h, the load value
indicated by the arrow was also used. Table 1 gives the
values calculated for the diVerent specimens. It is evident
that all the FGMs have superior fracture resistance, as
assessed by KIC and the area under the load–displacement
curves, to a conventional metal matrix composite material.
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(a)
(b)
(c)
(d)
a 40 vol.-%SiC composite; b SiCp/Al 2124 FGM, without
vibration; c SiCp/Al 2124 FGM, 45 min vibration; d SiCp/
Al 2124 FGM, 2 h vibration
8 Load–displacement curves from single edge notch bend
specimens with diVerent SiC distributions; all specimens
in solution treated condition
Furthermore, smoothing of the compositional gradient
by incorporating a vibration stage produced small, but
encouraging increases in KIC and the area under the load–
displacement curves with respect to the discontinuous
FGM. It is likely that the fracture resistance of the smooth
FGM can be enhanced further by improving the continuity
of the SiC distribution gradient and appropriately adjusting
the concentration gradient for specific loading geometries.
CONCLUSIONS
1. A mechanical powder metallurgy process involving
vibration followed by cold and hot compaction has been
successfully developed to manufacture SiCp/Al 2124 func-
tionally graded materials (FGMs).
2. The main feature of the microstructure of multilayer
FGM specimens produced without vibration was a contigu-
ous SiC network around the Al 2124 particles. In the higher
SiC content layers some large SiC agglomerates were also
present.
Table 1 EVect of vibration stage on critical stress intensity
factor K
IC
Specimen KIC , MPa m1/2
40 vol.-%SiC composite 15·2
(4030) vol.-% double layer FGM 16·6
Multilayered FGM, no vibration 16·1
Multilayered FGM, 0·75 h vibration 18·2
Multilayered FGM, 2 h vibration 19·5; 17·4*
* Value calculated from start of crack propagation as indicated
in Fig. 8d.
3. A 2 h vibration process before cold compaction has a
negligible eVect on the SiC network but eVectively eliminates
the layer structure and provides a continuous SiC distri-
bution. The vibration process also improved local homogen-
eity by breaking up the coarse SiC agglomerates.
4. Hardness increased with SiC content although not
in a linear manner. In the higher SiC content regions
(>20 vol.-%), increased porosity and the presence of the
coarse SiC agglomerates reduced the hardening rate. The
hardness as a function of position in the multilayered FGM
was discontinuous but varied smoothly in the specimen
vibrated for 2 h.
5. The FGMs generally exhibited superior fracture
resistance to conventional composites. In the conventional
materials fracture occurred catastrophically when the
maximum load was reached and crack propagation
initiated. In contrast, the FGMs exhibited some load
carrying capacity after the initial crack propagation stage.
Replacing the discrete interfaces in a multilayer FGM with
a continuous SiC distribution resulted in a slightly improved
fracture toughness.
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